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ABSTRACT

The work focuses on establishing a relationship between two different techniques
of Nondestructive testing, namely Infrared Thermography and Ultrasonic Inspection. The
integration of the two testing techniques is done with an expectation to achieve accurate
characterization and determination of internal defects in adhesive bonded structures.
Experiments are done on sandwich samples with defects using various ultrasonic
testing methods like pulse-echo and immersion techniques. The results thus obtained are
documented and location of the defects is marked. The same samples are then tested
using Infrared thermography to visualize the defects.
The results obtained by both the methods are compared to check for accuracy of
the methods to detect and characterize the defects.
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CHAPTER 1
ADHESIVE BO DED STRUCTURES THEORY A D APPLICATIO
1.1 I TRODUCTIO TO ADHESIVE BO DI G:
An adhesive may be defined as a material which when applied to surfaces of
materials can join them together and resist separation. The principle component of an
adhesive or sealant is an organic polymer, or usually two compounds which react to
produce a polymer. The adhesive must be in the liquid form at the time of application.
The adhesive makes molecular contact with the adherends in the liquid state. It is then
cured to harden and in the case of pressure sensitive adhesives to remain permanently
sticky without hardening. Polymers have a glass transition temperature, below which they
are hard and flexible, and above which they are relatively soft and flexible [1].
1.2 FU CTIO OF ADHESIVES/SEALA TS:
Adhesives’ primary function is to hold substrates together through the product’s
life. However, the secondary function of an adhesive can be as a sealant, vibration
damper, insulator and gap filler. The multi-functional characteristic of adhesive bonding
makes its application unique. Combining adhesive bonding with traditional methods of
mechanical fastening has its advantages. They can be combined with spot welds and
rivets for vibration damping and as a sealant for corrosion resistance. They also possess
thermal and electrical insulating properties which are very advantageous. The degree of
insulation can be varied with changing the formulation of the adhesive itself and also
through fillers. Adhesives can be made electrically and thermally insulative by adding
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silver or boron nitride as per requirement. Since they do not conduct electricity usually,
they prevent galvanic erosion between dissimilar metals that are bonded.
Sealants are adhesives which are used as barriers. They are a means of protection
from factors like moisture, dust and chemicals. All the properties of adhesives like
thermal and electrical insulation, noise and vibration reduction can be used as sealants.
Sealing does not have many functional alternatives.
1.3 CLASSIFICATIO OF ADHESIVES/SEALA TS:
1.3.1 CLASSIFICATIO BASED O THEORIES OF ADHESIO :
Curing or hardening of the adhesive/sealant takes place within the bulk. The
variety of approaches employed in explaining the adhesive bonding is emphasized by the
fact that many theoretical models have been proposed.
1)

Mechanical interlocking

2)

Electronic theory

3)

Theory of boundary layers and interphases

4)

Adsorption (thermodynamic) theory

5)

Diffusion theory

6)

Chemical bonding theory
The theories together are both complimentary and contradictory. These models

can be distinguished arbitrarily between mechanical and specific adhesion. Each of these
theories is valid, depending on the nature of the solids in contact and the conditions under
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which the bond is formed. Their respective importance depends largely on the system
chosen [3].
1.3.2 CLASSIFICATIO

OF ADHESIVES BASED O

THE HARDE I G

PROCESS:
Adhesives/Sealants are classified based on the hardening process they undergo as:
1)

Adhesives which harden due to loss of solvent: The adhesive is applied to the

surfaces to be bonded. The solvent is allowed to evaporate and the surfaces are pressed
together. Neoprene (polychloroprene) is a good example.
2)

Adhesives which harden due to loss of water: These are similar to adhesives

which harden due to loss of solvent. The solvent is replaced by water due to
environmental, and health and safety regulations. The low rate of evaporation of water
when compared with solvents and water soluble materials in latex adhesives which
remain in adhesives after drying in latex adhesives are two main concerns and drawbacks.
Starch and polyvinyl alcohol are good examples of water soluble adhesives and polyvinyl
acetate is an example of latex adhesive.
3)

Adhesives which harden due to cooling: Hot melt adhesives are applied to the

surfaces to be bonded. They are one part materials which rapidly form an adhesive as
they cool down. They can be used to bond paper, wood and many plastics. However,
bonding metals is a problem as the substrate rapidly conducts heat, restricting wetting.
Ethyl vinyl acetate and polyamide are examples of hot melt adhesives.
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4)

Adhesives which harden due to chemical reaction: These are adhesives which

contain two or more components like resins, curing agents and hardeners. There are a
wide range of adhesives which harden by chemical reactions to choose from based on the
application and service environment. The basic classification is:
(a)

Epoxides: These are the most widely used structural adhesives. There are

very few epoxide resins, but a wide range of hardeners are available with which
they can be mixed. The most commonly used epoxide resins are diglycidylether
of bisphenol-A (DGEBA) and tetraglycidyl diaminodiphenylmethane. Aromatic
and aliphatic amines are used as hardeners in which one amine-hydrogen atom
will react with one epoxy ring to result in condensation polymerization. Epoxides
have very low shrinkage and do not form volatiles on hardening. One major
disadvantage is that they cause skin diseases.
(b)

Phenolic adhesives for metals: Phenol reacts with excess of

formaldehyde in aqueous solution to result in resole. Resole is an oligomer
containing phenols bridged by ether and methylene groups, and with methylol
groups substituted on the benzene rings. The joint is heated up to 160°C to
accommodate further condensation of the methylol groups to give a cross linked
polymer. Phenolic adhesives are usually brittle and other polymers like
polyvinylbutyral, nitrile rubber, epoxides and polyvinylformal are added to
toughen them. They are generally cured under pressure, between heated steel
plates of a hydraulic press to avoid the formation of steam filled voids.

4

(c)

Structural acrylic adhesives: These contain acrylic monomers like

methylmethacrylate, methacrylic acid (for improved adhesion in metals) and
ethylene glycol dimethacrylate (for cross linking). They are cured by free radical
addition polymerization. The adhesive consists of two parts, the resin and the
catalyst. The catalyst contains the initiator and all other components are in the
resin. The application is straight forward and the resin can be applied to one
surface and the catalyst to the other surface. Both the surfaces will have to be held
together for about one minute and the adhesive will have cured well enough to
hold the joint together. The most common initiator used is hydroperoxide. These
have poor gap filling properties due to shrinkage but can be reduced by adding
particulate fillers.
(d)

Rubber toughened structural adhesives: The most common rubbers

used are polyvinylformal and polyvinylbutyral. Adhesive joints fail due to cracks
and the rubber particles added to the polymers stop the cracks. Many structural
adhesives have rubber dissolved in them which precipitates to droplets after
curing. They increase fracture energies and impact strengths.
(e)

High temperature adhesives: There are number of adhesives which can

be used at high temperatures when compared with epoxides (which have a glass
transition temperature of about 200°C) and acrylic adhesives (which have a glass
transition temperature of about 105°C). They are made by condensation
polymerization between a dianhydride and a diamine. They are cured at a very
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high temperature and high pressure to result in a polyimide that is insoluble and
infusible. They are very expensive and the best known polyimides are developed
by the NASA.
(f)

Formaldehyde condensate adhesives: Condensates of formaldehyde

with phenol, resorcinol, urea or melamine are used where in reaction with
formaldehyde results in the replacement of amine hydrogen atoms by the methyl
group. They undergo condensation polymerization to give cross linked products.
The curing is done at normal temperatures and, being water based adhesives,
water is produced as a result of curing. These adhesives are only suitable for
porous adherends and are mainly used to join wood.
(g)

Anaerobic

adhesives:

These

are

basically

dimethacrylates

of

polyethylene glycol. They cure in the absence of oxygen. They contain a redox
free radical initiator. They are generally used in nut locking, gasketing and
cylindrical fits.
(h)

Cyanoacrylates: They are basically molecules with two strongly electron

withdrawing groups and are capable of anionic polymerization, which is initiated
with water and sulphur dioxide is used as a stabilizer.
(i)

Polyurethanes: They are a result of reaction between low molecular

weight polymers with at least two –OH end groups with a diisocyanate.
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(j)

Silicones: One part silicone adhesives or room temperature vulcanizing

adhesives (RTV) consist of polydimethylsiloxane, which is hydrolyzed by
moisture and further condense with the elimination of water. Two part silicone
adhesives contain water and are catalyzed with either stannous octane (for fast
cure) or dibutyltindilaurate (for slow cure). These adhesives are generally soft and
compliant. They are used as sealants and can operate in temperatures ranging
from -60°C to 200°C.
(k)

Polysulfides: These adhesives are made by the reaction between 2-

chloroethyl formal with sodium polysulfide. They are primarily used as sealants
and also in joints to prevent the ingression of moisture.
5)

Pressure sensitive adhesives: These are adhesives which do not harden but

permanently stay sticky. The major pressure sensitive adhesives are based on natural
rubber, styrene butadiene rubber, block copolymers, amorphous poly-α-olefins and
acrylics. They generally have glass transition temperatures below the temperatures of use
and are viscous polymeric fluids.
1.3.3 CLASSIFICATIO

OF ADHESIVES BASED O

THEIR LOAD BEARI G

CAPABILITY:
Adhesives can be classified based on their load bearing capability as:
1)

Structural adhesives: These are used in applications where resisting huge loads

is required.
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2)

on-structural adhesives: These are used to hold two substrates together. They

cannot be used for high load bearing applications or in extreme climatic conditions
involving high temperatures and moisture.
1.3.4 CLASSIFICATIO

OF ADHESIVES BASED O

THEIR CHEMICAL

COMPOSITIO :
Adhesives can be classified based on their chemical composition as:
1)

Thermoplastic adhesives: As the name suggests they can be softened by

heating. These have branched or linear molecules and can be easily broken by increasing
the temperature of operation.
2)

Thermosetting adhesives: These adhesives become hard and brittle when the

temperature is increased. They form a cross linked structure upon heating. Overheating
will result in oxidation and eventually degradation.
3)

Elastomeric adhesives: These adhesives retain their original shape and

properties once the load applied on them is removed. They are generally used as sealants,
vibration dampers and sound insulators.
4)

Hybrid adhesives: These are adhesives with fillers or additives to improve their

properties or make them suitable for a particular application. Hybrid adhesives exhibit
improved adhesive properties such as toughness, ductility, resilience, fatigue, peel
strength and electrical conductivity.

1.3.5 CLASSIFICATIO OF ADHESIVES BASED O THE PHYSICAL FORM:
Adhesives can be classified based on their physical form as:
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1)

Liquid adhesives with solvent.

2)

One component solvent-less adhesive.

3)

Two components solvent-less adhesive.

4)

Solid adhesive.

1.4 APPLICATIO OF ADHESIVES BO DED JOI TS I THE AUTOMOBILE:
For all ranges of application the adhesives are required to meet the functional
requirement as well as retain them under conditions like impacts, vibrations, extreme
temperatures, climatic conditions and corrosion [1].
1)

Mechanical applications: The mechanical applications of adhesives are as

fastener locking, mechanical parts bonding and formed in place gaskets. The choice of
adhesive to be used is determined by the application. Cyanoacrylates, anaerobic,
encapsulated, modified acrylates and resin based or elastomer compounds are generally
used for different applications. The bond strength, temperature, resistance to chemical
reagents and ageing stability are also important factors to be considered. Table 1.1 shows
the examples of adhesives that are used and their applications.

Type of adhesive

Application

Anaerobic adhesives

Gaskets, flat surface bonding,
bonding of electrical and electronic
components, fastener locking,
shaft/hub bonding
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Cyanoacrylates

Gaskets, thread sealing, flat surface
bonding, shaft/hub bonding, bonding
of caps in cylinder head covers,
gearboxes, crankcases, axle housings

Epoxy resin adhesive foils

Bonding of heat exchanger

Synthetic resin sealants

Gaskets, common sealing

Encapsulated adhesives

Fastener locking

Modified acrylates

Bonding of flat surfaces

Phenolic adhesive foils

Bonding of brake straps, bonding of
brake and clutch linings

Silicone rubbers

Sealing of oil pans and housing
covers

Table 1.1 Mechanical applications of adhesives [1].
2)

Body shop applications: The functions of adhesives used in the body shop are as

sealants for body joints, spot weld sealants and tapes, antiflutter bonding, structural
adhesive bonding and hem flange sealing. Depending on the application the commonly
used body shop adhesives are moisture/hot curing one component polyurethanes, PVC
plastisols, Pregelling compounds based on synthetic rubber and butyls. Table 1.2 shows
the type of adhesives used for specific applications in the body shop.
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Application

Types of adhesives used

Structural adhesive bonding and hem

Epoxies, polymer blends,

flange sealing

polyurethanes, acrylic plastisols

Antiflutter bonding

Polyurethanes, PVC plastisols,
acrylic plastisols, reactive butyls

Body joint sealing

Polyurethanes, PVC plastisols,
acrylic plastisols, reactive butyls,
butyls, nonsetting rubber compounds

Spot weld sealing

Acrylic plastisols, reactive butyls,
butyls, nonsetting rubber compounds

Table 1.2 Body shop applications of adhesives [1].
3) Paint shop applications: Most of the adhesives used in the paint shop are PVC
compounds. The main applications are seam sealing and antiflutter bonding apart from
small scale applications like seal caps and sound deadeners. Foams, butyls and
bituminous or acrylic based sealants are also used to body holes.
4) Assembly shop applications: Adhesives are used in the assembly shop for bonding of
insulation pads, interior fittings, instrument panels, roof modules and for glazing. Hot
melts are used where a drop like or continuous application is required. Ethylene-vinyl
acetate, polyamide or thermoplastic rubbers are used when higher strength is not
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necessary. To assist assembly, adhesives which cure in a few seconds like cyanoacrylates
or methacrylates are used as temporary fixtures. Pressure sensitive adhesives, adhesive
tapes or hot melt adhesive foils are used when joining entire surfaces. Commonly used
adhesives in the assembly shop are polyisobutylene based compounds, butyls and
moisture curing one component polyurethane adhesives. The direct use of adhesive
bonding for windows in an automobile body is called direct glazing and has advantages
like complete automatic application, high performance sealing, high body strength,
smooth design and improved aerodynamics.
5) Component manufacture applications: Adhesives’ use in component manufacture
ranges from headlamps, tail gates, hoods, plastic body components, interior fittings to
cabriolet soft tops. Polyurethane and epoxy based compounds are majorly used. Joints
should have properties like good shear strength, peel strength and high durability.
Adhesives are mixed with hardeners to improve the heat resistance of the bonding. Most
of the interior fittings like instrument panels, door panels, package trays, rear window
shelves etc. are manufactured by vacuum drawing and laminating the cover sheet metal
onto the trim panel using hot melt and water based polyurethane adhesives.
1.5 SA DWICH MATERIALS:
The demand for more economical products described as “resource saving,
sustainable and recyclable” go hand in hand with increasing quality requirements. The
developments in future must concentrate on solutions for processes, machines and
materials which carefully treat resources and energy and simultaneously keep the
technical lead with new and innovative products. Lightweight construction concepts are
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adopted in the expectation to maintain and operate costs efficiently, reduce production
costs, increase the product life for economic reasons, reliability of use or optimize the
freight of payloads. Since lightweight materials such as aluminum and magnesium based
alloys as well as synthetic materials and composite materials have gained a broad range
of acceptance in the automobile industry, steel has become less favorable in previously
dominated areas. Steels with a higher strength and a higher young modulus than
conventional steel cannot quite compensate the advantage of these materials for
lightweight construction, despite the advantage of a lower price, a better forming
behavior, a higher strength and the possibility of recycling without problems.
The development of high-strength, austenitic steels with large manganese content
seem to be a trend-setting solution for a higher demand of steel. These steels show
comparable mechanical qualities, and at the same time are more economical and in
addition permit lightweight construction. The sandwich material (multilayer composite
materials, hybrid material) connects the advantages of miscellaneous materials (e.g. low
density, high bend resistance, sound and vibration insulation, energy absorption, high
load-capacity at a low weight, need adapted qualities) with each other. These new
compound systems open new, future-oriented applications. The weight reduction is
considerable for this task. Sandwich materials are being used extensively in more and
more industrial applications such as automotive, construction, chemical and aerospace
industry [4, 5].
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1.5.1 MATERIALS FOR SA DWICH CO STRUCTIO :
The choice of available materials offers practically unlimited possibilities for the
design and construction of various sandwich constructions. The properties of each
individual material can be used advantageously in the most efficient form.
1)

Face materials: Almost any material available in the form of a thin sheet can be

used as a face material for a sandwich construction. It is necessary to have reliable
information on the strength and stiffness of the material being used. In an efficient
sandwich construction the face material acts principally in direct tension and
compression. Facing materials include aluminum, steel, magnesium, plywood, resin
treated glass, asbestos board, fiber board, cloth, paper and fabric. It is usually not easy to
obtain properties of materials apart from common steels and aluminum alloys. It is
therefore necessary that the yield strength, ultimate strength and modulus of elasticity of
the material be found [4, 5].
2)

Core materials: A core material has to perform the task of keeping the faces at

the correct distance apart and also must not allow one face to slide over the other. It must
be rigid and strong in direct tension and compression and in shear. It should have low
density. Cores may be made of both of metallic and nonmetallic materials based on the
desired properties like density. Cores are generally of five types:
a.

Natural organic materials

b.

Synthetic materials

c.

Cellular honeycomb constructions
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d.

Multiwave corrugated constructions

e.

Waffle construction

1.6 ADVA TAGES A D DISADVA TAGES OF ADHESIVE BO DI G:
1.6.1 MECHA ICAL ADVA TAGES:
Most of the polymeric adhesives act like tough, relatively flexible materials with
the ability to expand and contract due to the viscoelastic properties that they posses. This
also allows the bonding of materials with different thermal expansion coefficients and
modulus of elasticity. Adhesive bonded structures are mechanically stronger or
equivalent to structures made with conventional joining methods. Adhesives eliminate
the localization of stresses. The toughness and stress distribution characteristics provide
excellent fatigue resistance. The elimination of holes due to the filling of adhesives
improves the structural integrity of the material.
1.6.2 MECHA ICAL LIMITATIO S:
The use of polymeric adhesives is limited by the time dependant strength of the
adhesives in environmental conditions involving factors like moisture, high temperature,
solvents, chemical environment and outdoor weathering. The rate of degrading is also
accelerated by elevated temperatures, high moisture and continuous stresses, individually
or in combinations. Materials and processes for adhesive bonding must be chosen
carefully to minimize the residual stresses caused due to different coefficients of
expansion of the substrates and shrinkage due to aging or cure. Adhesive materials by
themselves cannot be used as substrates.
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1.6.3 DESIG ADVA TAGES:
Adhesives offer smooth contours that are aerodynamically and aesthetically
valuable design advantages. Uneven surfaces do not affect the method of joining.
Adhesives offer greater strength to weight ratios and can be used to join different surfaces
irrespective of shape, thickness and mismatch in physical properties like coefficient of
thermal expansion or modulus of elasticity. Plastics, ceramics, elastomers, paper products
and wood can be joined more effectively and economically than conventional joining
methods.
1.6.4 DESIG LIMITATIO S:
When service stresses act to peel or cleave the substrates, rigid adhesives do not
work effectively. Production methods, environmental influences and types of stresses are
key design factors that will decide the type of adhesive to be used. These factors make
the prediction of the useful life of the adhesive bond difficult. The life estimating
processes used in industries are not effective and the only way to do it effectively is to do
prototype testing under environmental conditions that will accelerate the aging.
1.6.5 PRODUCTIO ADVA TAGES:
Adhesive bonding can sometimes be useful for high volume production requiring
large bonded areas and can be less expensive and faster than conventional fastening
methods. The time and labor saved by using adhesives increases with the increase in the
size of the area to be joined. Adhesive bonding can be expensive than other methods in
some cases. However, the overall cost of the final product may be reduced through
weight savings, elimination of operations like drilling, countersinking, welding and so on,
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and simplified assembly. Adhesives are well suited for applications requiring rapid
assembly especially if the end use environments like strength, heat and chemical
resistance are not too severe.
1.6.6 PRODUCTIO LIMITATIO S:
In high volume productions, slow and critical processing requirements for
adhesive bonding are a major disadvantage. Surface preparations ranging from simple
solvent wipe to chemical etching are necessary to ensure a proper bond, depending on the
strength of bond desired and the type and condition of the substrate. Jigs and fixtures are
necessary in case of long setting times. Adhesives with multiple components need extra
attention in terms of weighing and mixing the components. The curing parameters require
rigid process controls and involve high pressure and temperature. The inspection of the
finished joint for quality control is difficult. There is a lot of hidden cost due to storage,
cure, cleaning and waste disposal.
1.7

GE ERAL

COMPARISO

OF

COMPETITIVE

METAL

JOI I G

PROCESSES WITH ADHESIVE BO DI G:
A variety of conventional joining processes like welding, brazing, soldering and
mechanical fastening are applicable apart from adhesive bonding. The joining method
however, must be considered with regard to specific processing and performance
requirements [2]. A general comparison of these processes is given in Table 1.3.
WELDI G
Permanence

Permanent
joints

BRAZI G/
SOLDERI G

MECHA ICAL
FASTE I G

Permanent/
Nonpermanent

Nonpermanent in
the case of
threaded fasteners
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ADHESIVE
BO DI G
Permanent
joints

Local stress
points in the
structure
Acceptable
and may
require some
finishing
Similar
materials

Fairly good
stress
distribution
Good
appearance

Points of high
stresses at
fasteners
Surface
discontinuities

Excellent
stress
distribution
Joint is
invisible
mostly

Some capability
of joining
dissimilar
materials

Most
combinations of
materials can be
fastened

Most
dissimilar
materials can
be joined

Temperatur
e Resistance

Very high

Limited

High

Poor
resistance to
elevated
temperatures

Mechanical
Resistance

Special
provision often
necessary for
fatigue
resistance
Edge
preparation for
thick materials
Cooling is
sometimes
necessary
Relatively
expensive and
high power
consumption

Fairly good
resistance to
vibration

Special provision
for fatigue
resistance and
loosening of
joints
Hole preparation
and tapping for
threaded fasteners
No post
processing

Excellent
fatigue,
electrical and
corrosion
resistance
Cleaning
necessary

Stress
distribution
Appearance

Materials
Joined

Joint
Preparation
Post
Processing
Equipment

Corrosive
fluxes must be
removed
Manual
equipment is
cheap,
automatic units
are expensive
Fast

Relatively cheap
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Slow

No post
processing
Only large
components
are expensive

Varying
according to
type from
seconds to
hours
Table 1.3 General comparison of joining processes with adhesive bonding [2].

Production
Rate

Fast

Prefluxing
required

CHAPTER 2
O DESTRUCTIVE TESTI G OF ADHESIVE BO DED JOI TS
2.1 I TRODUCTIO :
Adhesive-bonded components are an important part of manufacturing, not only in
the aerospace industry but also in the automotive and marine industries. In spite of its
potential advantages, use of adhesive bonding in safety critical structures has been
limited. Inspection of adhesive bonded structures is done after or during different stages
of manufacture. In more stringent applications inspection during service is also required.
A direct measurement of strength of the bond cannot be non-destructive, so it is
necessary to correlate strength with other properties of the adhesive joint such as bond
area, interfacial stiffness etc. which need not be effective at all times. However, Changes
in these properties do give an indication that a joint may be defective. The main types of
defects that can occur in an adhesive bonded joint are disbands, voids, porosity, weak
adhesive layer (poor cohesive strength) and poor adhesive-adherend interfacial
properties.
While many nondestructive testing methods are used to determine the quality of
the final joint, the basic and most appropriate methods for online quality control are:
1)

Visual Inspection: A close examination of the joint especially around the joints

can sometimes lead to useful conclusions. Unfilled areas and voids can sometimes be
detected by noting the lack of adhesive or sealant material. Misalignments are readily
visible. The effectiveness of the curing process and whether air is trapped in the adhesive
can also be determined by the texture of the adhesive around the edges of the joint.

19

2)

Tap test: Tapping was one of the first nondestructive tests conducted for

evaluating the quality of a joint. The joint is tapped at different places and the resulting
tone is assessed. Tone differences caused due to insufficient cure, voids or other
problems indicate inconsistencies in the joint. Sharp clear tones indicate that the adhesive
is present and well attached to the substrates. Whereas dull hollow tones indicate void or
disbanded areas. Tapping is done by a coin or a light hammer.
3)

Proof test: Proof test simulates the actual service environment of the joint. The

duration of the proof test should reflect the expected life of the joint. It is usually done
when a high degree of reliability is required but is impossible in most cases.
While these are termed as simple nondestructive testing techniques methods like
ultrasonic

testing,

thermography,

shearography

etc

are

termed

as

advanced

nondestructive testing techniques. The wide range of materials and configurations used in
multilayered structures and the need for nondestructive evaluation of bonds has resulted
in a great variety of testing equipment and methods. Ultrasonic and acoustic test methods
and Thermal Imaging techniques have been quite successful. However, no single
inspection method has been found adequate for the wide variety of applications seen
today. A universal non-destructive testing method for testing adhesive bonds has not been
determined yet [3]. Generally, the selection of a test method to be used to test an adhesive
bond is mainly based on part configuration and materials of construction, types and sizes
of the flaws to be detected, accessibility to the inspection area and availability and
qualifications of equipment and personnel.
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2.2 ULTRASO IC TESTI G:
The use of structural adhesives to join parts of thin metal sheets offers several
advantages when compared with traditional spot welding. It can also be applied to join
non-metallic materials, it does not introduce heat in the joined zone, and the stresses
between the parts are transmitted more uniformly than by the spots. Since the success of
the joining operation depends on several factors like regular application of the adhesive,
cleaning of the surfaces, etc., it is desirable to inspect the joints on the assembly line
itself, by means of non-destructive testing. The technique used for the inspection must be
fast enough to comply with the production rate. Further, the instrumentation must be
simple and adequate to automated operations. Most of the usual non-destructive testing
methods were applied to the inspection of adhesively bonded joints. According to most
authors, ultrasonic and vibration methods probably represent the most promising means
for inspecting an adhesive bond [6].
Due to severe impedance mismatch between solid materials and air, it is difficult
for the ultrasonic wave to propagate from the transducer through air to the test sample. It
is therefore necessary that a proper coupling medium is used between the transducer and
the test sample. Usually gels are used as couplants in the case of contact transducers. An
alternative is using the immersion technique, where immersion transducers are used. The
test sample and the transducer are both immersed in a water bath. The water in the gap
between the transducer and the sample acts as a couplant and helps the ultrasonic wave to
propagate into the test sample. Both techniques have drawbacks since the immersion
technique is impractical for large components and buoyant honeycomb structures. The
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contact technique is slow when large areas need to be examined and is sensitive to
contact pressure. Some of the ultrasonic testing techniques which are commonly used are
discussed in the following sections.
2.2.1 PULSE-ECHO METHOD:
The basic principle and the different variations of applying the method for testing
various adhesive bonded joints and sandwich materials is discussed in Chapter 4.
2.2.2 PITCH-CATCH METHOD:

Figure 2.1 Pitch- catch inspection methods

The pitch-catch test mode employs a dual-element, point-contact, dry-coupled
ultrasonic probe. In this mode, one element transmits (pitches) a burst of acoustic energy
into the test part and a separate element receives (catches) the sound propagated across
the test piece between the probe tips. The bond condition beneath the two probes will
affect the characteristics of the acoustic energy that is transmitted between the two probes
and these characteristics are displayed in terms of phase and amplitude change. In the
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bonded condition, a lower amplitude signal is displayed as the portion of the acoustic
energy is attenuated by the structure below the inspection surface. In the disbond
condition, the waves travel between the transmitter and the receiver with little attenuation
or damping. This results in a higher amplitude signal.

1)

Pitch-Catch RF Mode - This method employs a dual-element, point-contact, dry-

coupled ultrasonic probe. The bond condition beneath the two tips can be determined
from the raw RF signals from the probe receiving tip. The difference in the energy
amplitude and/or phase between good and bad bonds is detected. The user positions a
gate at the optimum point to monitor the response of the received signal that is most
affected by the defect. This time-gate position will determine the portion of the signal
that is displayed on the flying dot display in RUN modes. The inspection is done at a
fixed frequency, which is defined as part of the setup process. In the pitch-catch RF
method, the received signal bypasses an amplitude or phase-amplitude detector. A
frequency that provides maximum flexural motion for the layer thickness and the material
being tested is chosen. A variable time gate is used to select the received pulse cycle
having the greatest change in amplitude when the probe is moved from a bonded area to a
disbonded area. The amplitude will be larger over the disbond, as the motion of the plate
or layer is restricted over a bonded joint, and energy is lost into the base material of the
joint. A separate receiving element, which is at a set distance from the transmit element,
picks up the waves propagated across the part. The energy is carried between the two
probes in a plate-wave mode across the test piece. The return signals are detected and a
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phase-amplitude display is used to show the effect of good and bad bonds on the sound
path [15, 16].
2)

Pitch-Catch lmpulse Mode - This method also employs a dual-element, point-

contact, dry-coupled ultrasonic probe. The bond condition beneath the two probe tips can
be determined with the impulse method, where the data from the receiving tip is filtered
through a detector before being displayed. The difference in the amplitude and/or phase
between good and bad bond conditions is detected. The user positions a gate at the
optimum time along the signal in order to monitor the response of the received signal that
is most affected by the defect. The inspection is done at a fixed frequency, which is
defined as part of the setup process. This method is similar to the previously noted RF
method except that it uses a short, single-frequency burst. The frequency that provides a
maximum flexural motion for the layer thickness and material being tested is chosen. A
variable time gate is used to select the received pulse having the greatest change in
amplitude when the probe is moved from a bonded area to a disbonded area. The
amplitude will be larger over any disbond. Normally, the frequency and gain are adjusted
over a disbond to obtain a maximum signal. Then, the signal from the disbond is
compared with a signal from a bonded joint. Where the signal over the well-bonded area
is significantly lesser, the gate is set to the signal delay time. This time vs. amplitude can
be displayed, and the alarm can be set at the selected amplitude [15, 16].
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2.2.3 MECHA ICAL IMPEDA CE A ALYSIS TEST METHOD:

Figure 2.2 MIA inspection method [17]

The MIA test method uses a single-tipped, dual-element probe. A driver element
generates audible sound waves and a receiver element detects the effect of test-piece
bond variations on probe loading. The drive frequency is swept through the range of 2
kHz to 10 kHz to establish the optimum test frequency during the initial setup. The Test
is then performed at a fixed frequency. This method does not require any couplants and
has a very small contact area. This method can be used on irregular or curved surfaces. It
is effective on disbonds, crushed core, and defects on the inside of composite structures.
The drive element is coupled to the test piece through a plastic cone and wear shoe, and
generates audible sound waves into the test part.
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Figure 2.3 Spring model [17]

The loading of the receiver element is affected by the stiffness of the sample,
which changes from very high to low, and from bonded to disbonded regions. The spring
model shown in Figure 2.3 developed by P. Cawley describes the impedance as measured
at the top of the spring. The spring stiffness over a disbond is the contact stiffness of the
probe in relation to the defect stiffness. Over a well-bonded composite, the spring
stiffness is only the contact stiffness. The measurements comprise a comparison of
stiffness and hence the results are better over stiff structures. The size and thickness of
the disbond determines the stiffness of the defect. The impedance varies with the
frequency; therefore a proper test frequency is important in obtaining a good result. The
loading of the receiver element affects the signal amplitude and phase. When the
frequency is near or above the resonance frequency of the layer, it results in a change in
amplitude and or the phase. During the initial setup, the driver frequency is swept through
a range of 2 to 10 kHz. The frequency having the greatest difference in phase or
amplitude between the good and bad bonding is selected. The test is then performed at
this frequency [17].
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2.2.4 RESO A CE METHOD:

The resonance method uses special narrow-bandwidth ultrasonic contact probes.
The method is based on the change in impedance of the sharply resonant high-Q
ultrasonic transducer when acoustically coupled to a material. The measured electrical
impedance of the transducer is affected by the acoustic impedance of the test sample. The
ultrasonic contact probe is driven at its resonance frequency and placed on the sample
along with couplant. To detect disbonds, electrical impedance changes in the sensor are
analyzed. This method works well for many disbonded and delaminated materials. In
many cases, the disbond depth can be related to the rotation of the signal phase. This test
requires liquid couplant and a variety of probes, which can limit or complicate its
application [17, 18].

The acoustic impedance in a specific composite is altered by any lack of bonding.
A disbond acts as a thin plate that vibrates, generating a standing wave when the
thickness is equal to odd number multiples (1, 3, 5, etc.) of the length of the acoustic
wave in the plate. The thinner the layer, higher the resonance frequency. Figure 2.4
shows a resonance transducer coupled to a test piece at a disbonded joint, and the
resultant standing wave.
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Figure 2.4 Resonant standing wave over a disbonded joint [17].

In an adhesive-bonded joint, changes in the effective thickness caused by
disbonding significantly affect the phase and amplitude of the signal at the resonance
frequency of the transducer. In a multilayered joint, the phase is related to the depth of
the disbonded layer, as shown in Figure 2.5.

Figure 2.5 Multilayered disbond tests [17]

2.2.5 THROUGH TRA SMISSIO METHOD:

The through transmission technique monitors the amplitude of the ultrasonic pulse
transmitted through the joint. The technique uses separate transmitting and receiving
transducers. These transducers are placed on either sides of the structure to be tested. The
alignment of the transducers opposite to one another is very important, whereas
alignment of the transducer perpendicular to the test sample is not that important as in the
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case of other methods. The amplitude is reduced to virtually zero in the presence of a
disbond larger than the width of the ultrasonic beam. Smaller amplitudes can be seen in
the case of porosity, disbands and voids whose area is lower than the width of the
ultrasonic beam. Through transmission is often used for the inspection of large structures
like aircraft fuselage and wing sections.

Figure 2.6 Through transmission technique

Figure 2.6 shows the basic principles of the through transmission method. This
method can be used for the inspection of both top and bottom bonds between skins and
core, unlike pulse-echo and most of the other methods where only the bond between the
top face and core can be inspected. This method is suited for the inspection of
honeycomb structures particularly. The through transmission method cannot be used for
in-service inspection since access to both sides of the structure to be tested is often
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impossible or difficult. Its major drawback is that it gives an indication that a defect is
present, but no information about the size and depth within the structure [3].

2.3 TRA SIE T THERMOGRAPHY:

The method is based on the effects that occur when a material is subjected to a
rapid pulse of heat on the external surface that is to be tested. The heat pulse increases the
temperature of the exposed surface, and slowly the surface begins to cool as the heat
pulse diffuses in to the material. The process can be reviewed as a wave front of heat that
flows from the external surface into the material. The wave front passes through
uniformly in a perfectly homogeneous material. In the presence of defects like disbands
or delaminations, a high thermal impedance is created to the passage of the wave front.
Hot spots are created as a result of the diffusion process due to the restriction of the
cooling rate caused by defects. Cold spots are caused by the defects on the opposite side
of the surface as the defect impedes the passage of heat. The hot spots and cold spots can
be viewed by thermal imagers shortly after the deposition of the heat pulse. The thermal
properties of the material being tested, the amount of energy deposited and the speed of
application determine the temperature rise on the heated surface. The ensuing diffusion
process is controlled by the material itself, provided the pulse is short enough. The testing
technique is always the same for different samples, but parameters that determine the
contrast observed at either surface due to the presence of a defect like size of the defect,
depth of the defect, initial surface temperature rise and thermal properties of the material;
change from specimen to specimen. The contrast due to the presence of a defect can be
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viewed over timescales ranging from sub milliseconds to seconds depending on the
material properties and thickness. Usually the useful piece of information is obtained
within 500ms. Therefore, it is necessary to use an image capturing system that can
acquire many sequential images over the 500ms time frame. The equipment required to
perform the experiment is mainly classified into two components, the heat source and the
thermal imaging/analysis system. Figure 2.7 shows the basic experimental setup using a
flash lamp as the heat source [3].

Figure 2.7 Basic Thermography experimental setup [41]

2.4 SHEAROGRAPHY:

Shearography is an optical method which uses speckle shearing interferometry to
measure displacement gradients at the surface of the structure. The changes in the
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displacement gradient are revealed by the difference given by subtracting the speckle
patterns produced with the component in stressed and unstressed conditions. The change
in displacement gradient is more rapid in regions with defects. A stochastical interference
pattern is created when a surface area is illuminated with a highly coherent laser light.
This interference pattern is called a speckle. Shearography uses the test object itself as the
known reference; it shears the image so a double image is created. The superposition of
the two images, a shear image, represents the surface of the test object at this unloaded
state. This makes the method much more insensible to external vibrations and noise. By
applying a small load; heat or vacuum, the material will deform.

A non-uniform material quality will generate a non-uniform movement of the
surface of the test object. A new shearing image is recorded at the loaded state and will
be compared with the sheared image before load. If a flaw is present it will be seen in this
result. Shearography detects defects from changes in the displacement gradient produced
by them when the structure being tested is loaded.

The sensitivity of shearography is highly dependent on the depth and diameter of
the defect or disbond. This is because; the changes in the displacement gradient for a
given loading are dependent on the stiffness of the layers of material above the defect [3].
Figure 2.8 shows the basic setup of a shearography set-up.
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Figure 2.8 Basic shearography set-up

2.5 X-RAY RADIOGRAPHY:

Figure 2.9 X-ray radiography setup
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It is the use of the property of X-rays to cross materials to view inside objects. A
homogeneous beam of X-rays is produced by an X-ray generator and is projected toward
an object. According to the density and composition of the different areas of the object,
X-rays are more or less absorbed. They are then captured behind the object by a detector,
which is usually a film sensitive to X-rays or a digital detector. A 2D representation of
the object is given as if it was semi-transparent. The X-ray generators are made of a high
voltage power supply that is applied on a usually sealed X-ray tube. This produces the
emission of electrons from the cathode of the tube and the emission of X-rays when these
hit a target located at the anode side. In industrial radiography, energy goes from 20 to
several hundreds of kV according to the application. In medical radiography voltage from
20 kV in mammography up to 150 kV for chest radiography are used for diagnostic.
Energy can go up to 250 kV for radiotherapy applications. Changes caused by voids,
cracks or other anomalies cause the absorption of the x-rays. The emerging rays reveal
their presence along with location and dimensions of the anomalies.

2.6 BETA RAY BACKSCATTER:

It is a non-destructive technique for gauging the chemical composition of the
surface layers of materials such as pottery and glass. A sample is bombarded by a
collimated beam of electrons from a weak radioactive beta source. The sample is
arranged at 45 degrees to the beam with the backscatter particles counted using a Geiger
counter. The drawback of the system is that the system cannot identify specific elements
responsible for the backscattering; it can only measure the presence of known elements of
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high atomic number within a matrix of low atomic number (for example, lead in glass).
Variations in thickness and elemental distributions in coatings or surface layers are
revealed by the backscatter. The technique is used to measure paint thickness, Plastic
coatings and composite laminates.

2.7 RESO A T I SPECTIO :

The Resonant Inspection method also called the Resonant Acoustic Method uses a
form of the method called Resonant Ultrasound Spectroscopy. This method can detect
imperfections such as variances in overall shape, weight, cracks, and density of parts. It
can also detect if any process has been missed, such as a machine or heat treating
process. Resonant frequencies are determined by dimensions and material properties of
the entire part. Every part has its unique resonant frequency, which can be called its
vibration signature. This resonance will be almost exactly the same from good part to
part. However it will change when there is an internal or external change or imperfection.
Pipe organs, bells, carillons and xylophones are examples of how controlled incremental
changes in a part create incremental changes in "resonance" or tone. The same is true of a
part that has a flaw. Using a Fast Fourier Transform (FFT) process, the response signal is
separated into discrete frequencies. The result is a Response Frequency Spectrum that is
unique to your part. Using this spectrum, we can look for changes in your parts. The
principal properties of an object are mass, stiffness and damping. If the Mass, Stiffness,
or Damping in a component are varied, the response characteristics of an impact will
vary.
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2.8 RADIOACTIVE TRACER:

A radioactive tracer, also called a radioactive label, is a substance containing a
radioisotope, which is an isotope that has an unstable nucleus and that stabilizes itself by
spontaneously emitting energy and particles. Radioactive tracers are substances that
contain a radioactive atom to allow easier detection and measurement. Radioactivity is
the property possessed by some elements of spontaneously emitting energy in the form of
particles or waves by disintegration of their atomic nuclei. The main difference between
the tracer molecule containing tritium and the normal molecule is that the tracer molecule
continually gives off radiation that can be detected with a Geiger counter or some other
type of radiation detection instrument. Certain materials or equipment are injected with a
low activity, radioactive tracer and the tracer’s position and migration are monitored by
radiographic films, probes or ionizing counters. It is used to monitor wear, corrosion,
crack propagation and other characteristics.
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CHAPTER 3
I FRARED THERMOGRAPHY
3.1 I TRODUCTIO :
Infrared thermography also generally known as thermography or thermal imaging
captures the temperature variations emitted by a body using a radiation detector, which is
normally a high speed infrared camera. The captured radiation is analyzed to retrieve
information about the material subsurface, which is then used to understand its internal
configuration. In thermography, the subsurface anomalies are detected by monitoring the
surface temperature and the regions where the heat flow is modified due to the anomalies
are identified. The sample to be tested is excited so that heat will flow through it
predictably, usually through one face to the other. A detection device like an Infrared
camera is used to detect the changes in surface temperature when the heat from the
sample surface is conducted to the cooler inner surface. The transient anomalies in the
surface temperature are caused due to the presence of subsurface anomalies which
interfere with the expected heat flow. Heat applied uniformly to the surface of a sample
flows at a steady rate towards the inner surface, but may be obstructed due to the
presence of a defect. As a result the surface near to the defect cools at a slower rate than
the surface in an area free of defects. Also the presence of a defect which is conductive in
nature will result in quicker cooling of the nearby surface. While the underlying physical
principle and the fundamental limitations are the same, there are many variations of the
basic scheme

[19]

. Figure 3.1 shows the basic setup of an Infrared thermography

experiment. The radiation from the sample is captured using a thermal imaging camera.
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Figure 3.1 Thermography setup [41].
The test sample is either excited externally or the inherent radiation is captured.
The captured infrared sequences are processed and stored in a computer. The stored
sequences consist of unwanted noise, reflection from the sample surface, interference
from the surroundings, and other image disturbances. These are removed by processing
the captured data and to clearly visualize the image [20].
3.2 THERMOGRAPHY TECH IQUES:
Based on the sample excitation thermography can mainly be classified into two
types; active thermography and passive thermography. Figure 3.2 shows a detailed
classification of thermography techniques. The approach to passive thermography is
testing and capturing the radiation emitted by materials and structures which are naturally
at a different temperature than ambient. Important applications of the passive
thermography technique are in medicine, production, fire detection in forests, predictive
maintenance, traffic monitoring, agriculture and biology, gas leak detection and majorly
in nondestructive testing.
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3.2.1 PULSE THERMOGRAPHY:
Pulse thermography (PT) is one of the most popular thermal stimulation methods.
The reason for the popularity is the speed of the inspection relying on a thermal
stimulation pulse, which is usually a flash, with a duration ranging from a few
milliseconds for high thermal conductivity material inspection such as metals to a few
seconds for low thermal conductivity specimens such as plastics. The heating pulse
which is prominent only for a short period of time prevents damage to the component and
the heating is generally limited to a few degrees above the component’s initial
temperature. The temperature of the material rises during the pulse and after the pulse; it
decays because the thermal energy propagates by diffusion under the surface. Later, the
presence of a subsurface defect like a disbond reduces the diffusion rate. Therefore, when
observing the surface temperature, such a subsurface defect appears as an area of
different temperature with respect to the surrounding sound area. The reduced diffusion
rate caused by the subsurface defect presence translates into heat accumulation and
hence, the higher surface temperature just over the defect. The phenomenon occurs in
time so that deeper defects are observed later and with a reduced thermal contrast. The
relationship between the observation time t and the subsurface defect depth z is given as:
t

z2

(3.1)

α

Where α is the thermal diffusivity of the material and is given by the equation:

α=

K
ρC

(3.2)
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Where K is the thermal conductivity, ρ is the density and C is the specific heat
capacity of the material.
Various configurations for pulse thermography are:
(a) Point inspection: A laser or a focused light beam is used for heating.
(b) Line inspection: Line lamps, heated wire, scanning laser and air jets are used.
(c) Surface inspection: Lamps, flash lamps and scanning laser are used.
If the temperature of the sample being inspected is already higher than the
ambient temperature, it can be of interest to make use of a cold thermal source such as a
line of air jets or water jets; sudden contact with ice, snow, etc. A thermal front
propagates the same way whether being hot or cold, therefore what is important is the
temperature differential between the thermal source and the specimen. An advantage of a
cold thermal source is that it does not induce thermal reflections into the IR camera as a
hot thermal source does. The main limitations of cold stimulation sources are related to
practical considerations like for instance it is generally easier and more efficient, to heat
rather than to cool a sample. There are two types of observation methods. Reflection, in
which the thermal source and detector are located on the same side of the inspected
component. And transmission, in which the thermal source and the detector are located
on either side of the inspected component [21, 22].
The reflection approach is generally used for the detection of defects located close
to the surface being heated, while the transmission approach is used for the detection of
defects close to the rear surface. Fully integrated systems combining acquisition head and
heating unit are commercially available.
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3.2.2 LOCKI THERMOGRAPHY OR MODULATED THERMOGRAPHY:
Lockin thermography is based on thermal waves generated inside the specimen
under study by submitting it to a periodic sinusoidal thermal stimulation

[23]

. When a

specimen is excited through sinusoidal temperature stimulation, highly attenuated and
dispersive waves are found inside the material in the near surface region. These waves
can be generated and detected remotely, by periodically depositing heat on the specimen
surface with a lamp for instance. This is called photo-thermal lockin thermography.
Lockin terminology refers to the necessity to monitor the exact time dependence between
the output signal and the reference input signal which is the oscillating, also called
modulated heating. The resulting oscillating temperature field in the stationary regime
after the transient regime is remotely recorded through its thermal infrared emission.
Experimental apparatus allows observing the amplitude and phase of the resulting
thermal wave on the specimen. The thermal images obtained from such apparatus are
different from the thermographic images by Pulse Thermography in many aspects since
both phase and amplitude images are available. The images correspond to a mapping of
the emitted thermal infrared power while the phase images are related to the propagation
time and the amplitude images are related to the thermal diffusivity. The phase image
which is relatively independent of local optical and thermal surface features is a strong
point for lockin thermography for many NDT applications

[23]

. The depth range of

amplitude image is roughly given by thermal diffusion length µ , expressed by:

µ=

2k
ωρ c

(3.3)
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Where k is the thermal conductivity, ρ is the density, c is the specific heat and ω
is the modulation frequency. It is seen that µ is inversely related to ω , which means that
a low modulation frequency will probe deeper. The relaxed heating constraints associated
with the phase image enables the inspection of large surfaces, provided the spatial
resolution of the IR camera is high enough. It is relatively easy to deposit the modulated
heating over a surface using lamps [24, 25]. It is important that the modulation frequency ω
be selected correctly. It is possible to miss a defect or another experiment has to take
place at a different modulation frequency ω if the selection is not right. It is a good
practice to always start at the lowest possible modulation frequency. It was also shown
that a suitable thermal stimulation can be obtained using an ultrasonic transducer (shaker)
attached to the specimen or the specimen can be partly immerged into an ultrasonic bath.
The high frequency ultrasonic signal is modulated with a low frequency signal. This low
frequency modulation creates a thermal wave of desired wavelength as in conventional
lockin thermography while the high frequency acts as a carrier delivering heating energy
into the specimen. The technique is also called loss angle lockin thermography and is
used to detect deeper and smaller defects as the selective heating allows a better
discrimination among detected defects [26].

3.2.3 EDDY CURRE T THERMOGRAPHY:
Eddy current thermography is a method for the detection of defects in electro
conductive materials. The sample to be tested is heated by an inductively generated
current flow and the temperature profile generated thereby on the surface of the
component is recorded with a thermographic camera. Defects disturb the flow of the

43

current in the component and thus change the temperature distribution within it. This
change in temperature distribution can be detected with a very high resolution
thermographic camera. The coil is excited with an alternating current of high frequency.
The eddy currents induce current circulation phenomena inside the test sample, which
generates internal heat that later propagates to the surface.

Magnetic induction is

governed by the equation:

ε =−

dφ B
dt

(3.4)

Where, ε is the electromotive force (EMF) and φ B is the magnetic flux through
the circuit in Weber. A current is induced in a certain depth position normal to the surface
and in dependence of the excitation frequency. The current lines run concentrically and
are directed around the disturbance, for example a crack. The current density increases at
the tip of the crack and decreases at the flanks of the crack. The resulting local
temperature change can be made visible with an appropriate thermographic camera. The
frequency of the eddy current is a determining factor for inductive processes. The greater
the alternating current frequency, the lower is the penetration depth of the induced eddy
currents in the material. This skin depth can be calculated from:

δ=

2ρ

(3.5)

ωµ

Where, δ is the penetration depth, ρ is the specific resistance, ω is the angular
frequency given by 2π f and µ is the permeability given by µo µ r . The influence of the
permeability µr which leads to very low penetration depths in case of ferromagnetic
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materials when compared to paramagnetic or diamagnetic materials has to be considered.
A low penetration depth is important for the detection of small defects in the surface of
the sample being tested as a very high percentage of the induced current flows around the
defect and the changes of the current density and the differences in temperature are at a
maximum. For detection of defects under the surface, the penetration depth should be
high enough, so that the defects to be detected can still be reached. Standard induction
devices provide frequencies of approximate 3 kHz–3 MHz. This makes them suitable for
practically all metallic materials as any frequency can be selected for the detection of
anomalies on the surface and/or under the surface [27].

3.2.4 VIBROTHERMOGRAPHY:
In Vibrothermography or thermo-sonics in contrast to the more classical
thermography set-ups in which the energy is delivered at the sample surface by optical
means, the sample is mechanically excited by sonic or ultrasonic oscillations. The
excitation is carried out by coupling an ultrasonic transducer to the sample surface. The
propagation of the damped acoustic waves along the material converts mechanical energy
into thermal energy, but in the vicinity of the defects the energy dissipation is higher due
to the friction between the faces of the defect and/or stress concentration in the
surrounding area. In metals, the acoustic damping is relatively low and the mechanical
excitation acts as a selective inner heat source located at the defects that diffuses inside
the material and can be detected as a temperature variation at its surface by means of an
infrared

camera.

Two

configurations

have

vibrothermography:
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been

mainly

implemented

in

(a)

Lock-in vibrothermography: The high frequency oscillation is amplitude- (or

frequency-) modulated at a low frequency and the detection lock-in system (synchronized
with the amplitude varying input signal) detects the amplitude and phase of the surface
temperature [28].

(b)

Burst vibrothermography: Also known as sonic IR imaging, is based on the

excitation of the sample by a brief (typically 50–200 ms) ultrasonic pulse and on the
detection of the surface temperature as a function of time, also by an IR camera [29].
In either of the configurations, vibrothermography has proven to be a useful
technique in the detecting vertical cracks, and its application has been explored in a wide
variety of materials such as metals, polymers and composites. The mechanical excitation
in vibrothermography is suitable for the detection of kissing or closed cracks and open
microcracks. The friction between the two sides of the crack turns the defect into a heat
source and its use is not restricted to cracks reaching the sample surface [30]. The heat
sources generated with vibrothermography experiments sometimes do not extend over the
entire crack as the geometry of the crack and the physical properties of the medium
restrict the friction to certain places only. The vibrothermography experiments lead to
heat sources detection, rather than crack detection. Accordingly, the characterization of
the crack using vibrothermography experiments should be understood, as a
characterization of heat sources. Whatever configuration is used, the physical processes
contributing to the measured temperature variations at the sample surface after the initial
excitation are complex. In the case of burst vibrothermography, the propagation of the
acoustic wave inside the material, the mechanisms by which heat is generated at the
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defects and the diffusion of this thermal energy to the sample surface have been subject
to extensive studies [30].

3.3 THERMAL IMAGI G:
The infrared image sequences generated by the test sample need to be captured
using suitable thermal image capturing equipment. Factors like dynamic range, frame rate
and other settings of the equipment need to be considered. Thermal detector or thermal
imaging camera is the heart of entire thermography technique. The spectrum of the
infrared region in which the thermal imaging cameras operate can be further classified
as:

•

Near infrared- 1.5-3µm

•

Middle infrared- 3-5µm

•

Long wavelength- 8-13µm

•

Far infrared- 20-1000µm
The thermal imaging cameras generate thermograms from the captured heat

radiation. Such thermograms depict the temperature variations within the specimen with
respect to time and space. The Infrared radiations can be focused by appropriate optics
and detected by specially designed sensors. The IR cameras used to detect these
radiations are classified in to two types:

(a)

Un-cooled Infrared Camera: Un-cooled cameras have infrared detectors

composed of micro-bolometric based arrays. A temperature difference detected at the
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focal plane array is converted into electrical signal output. The infrared radiation from
the sample heats the sensors and result in the change in its physical properties and
electrical properties like resistance, voltage and current of the sensors. The changes in
these properties are scanned and compared with the original values at the operating
temperature of the sensor. In contrast to photon detectors, the thermal detectors operate
at room temperature and no cooling is needed. The absence of a cooling system makes
the un-cooled camera less sensitive along with increasing the thermal response time,
lowering the spatial resolution and decreasing the quality of the image. Though the uncooled cameras have low sensitivity and slow response time they are cost-effective to
build, maintain and easy to use [31].

(b)

Cooled Infrared Camera: Cooled infrared cameras have infrared photon based

focal plane arrays. The infrared detectors are made of Indium Antimonide InSb, Indium
Arsenide, Lead sulfide, and Lead selenide semi-conductors. Unlike the un-cooled
cameras, cooled cameras contain sealed cryogenic chambers. The function of these
chambers is to reduce the temperature of the focal plane array to a temperature much
lower than that of the ambient air temperature. Cryogenic cooling is required because at
ambient temperature the signal is widely affected by thermal noise generated due to
random generation of carriers in the semi-conductors. These detectors are cooled using
liquid nitrogen or through Sterling’s coolers with temperatures ranging from 70K-80K.
The cooling system enables the cooled detectors with a good signal to noise ratio at a
higher frame rate. The Noise Equivalent Temperature Difference (NETD) which is a
measure of the infrared camera’s sensitivity is in the order of µK for the cooled cameras.
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The high spatial resolution of the cooled cameras allows it to provide high quality
images. The advancements in the hardware used for the manufacture of thermal cameras
have led to the improvements in the frame size and capture rate of the cameras which
ultimately resulted in the reduction of the noise levels [31].

3.4 THERMAL PROPERTIES OF THE SAMPLE:
The thermal properties of the sample play an important role in deciding on the
suitable thermography testing technique. The thermal properties of the sample control
the absorption and emission of thermal radiation incident on the surface. The thermal
emission of solids is generally compared with black body emission. A black body
appears black in color as it absorbs the total radiation incident on it. The emissivity ( ) of
a material is the capability of the material’s surface to emit heat radiation. It is a measure
of a material's ability to radiate the absorbed energy. The total emissivity of a material is
the total energy radiated by the material at a temperature T compared with the emission
of a black body at the same temperature. Emissivity provides an accurate measure of how
efficiently an object emits infrared radiation.

The emissivity of metals is low, but

increases with the increase in temperature. Some materials have emissivity values which
tend to decrease with the increase in temperature. The sample’s surface can be easily
modified and its emissivity can be improved by painting it with black color, high
emissivity coating or sticking a black colored tape. The material’s thermal diffusivity also
plays an important role in thermography inspection techniques. The rate at which the
incident heat propagates through the sample defines its thermal diffusivity. Materials with
high thermal diffusivity propagate heat at high rates and as a result it is difficult to
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capture its temperature-time history without high frame rate detectors. This increases the
cost and complexity in the camera’s manufacture. The materials with medium diffusivity
require simple heating elements, cameras and experimental setup. Material thermal
effusivity also has an impact on the thermography inspection. Thermal effusivity is the
square root of the product of thermal conductivity and heat capacity of the material.
Thermal effusivity is the thermal inertia of the material that resists the increase of
temperature when heat is applied. Metals generate very weak infrared signals difficult to
be captured by thermal cameras due to their high thermal effusivity. The infrared image
sequences captured by the infrared cameras need to be processed using processing
techniques such as thermal reconstruction, contrast enhancement, frame averaging and
pulse phase to remove the noise, reflection and other surrounding disturbances

[19]

.

3.5 APPLICATIO S OF THERMOGRAPHY:
Electrical Systems: In power generation inspections including exciters, 4160
connections, motor control centers and isophase bus ducts, substation electrical
inspections including switchgear, breakers, transformers and capacitor banks. It is also
used in overhead urban and rural distribution electrical inspections and electrical motor
inspections [32].

Building Envelopes and Structures: In thermal heat loss inspections for
buildings, plants, facilities, refineries and moisture contamination evaluations in
buildings, condo's, plants facilities etc. Concrete integrity inspections, concrete water
heated floor inspections for leaks and temperature distribution are also done along with
locating missing or damaged insulation, identifying air leakage energy losses, evaluating
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the thermal performance of retrofits and locating radiant heating wires or pipes. Detecting
delaminations in concrete bridge deck and locating and identifying mold growth areas in
building structures is also done using different techniques [32].

Roofing Systems: In flat roof leak detection for buildings, plants, facilities and
identifying water damaged portions of a roof quickly and accurately. Eliminating
unnecessary replacement of good roofing is done using thermography which helps in
planning accurate budgets based on facts and documenting problems before the
warranty/bond expires [32].

Mechanical Systems: Thermography has its applications in Boilers for inspecting
burners for flame impingement and burner management, looking at combustion patterns
of fuel, detecting thermal patterns on boiler tubes, measuring tube skin temperature
during normal operation or when boiler is on standby, scanning and recording
temperatures in areas of boiler not monitored and scanning the exterior of boiler for
refectory damage or locating warmer areas where potential refectory damage may occur.
The mechanical applications of the method also include detecting coke buildup in crude
oil furnaces, power plant boiler flue gas leak detection, mechanical bearing inspections,
heat ventilation air conditioning equipment evaluation, cold Storage cooling losses and
detecting insulation leaks in refrigeration equipment [32].

Petrochemical Applications: In Refinery process line, thermography is used to
detect insulation loss or leak, refinery process evaluation, heat exchanger quality and
efficiency evaluation, furnace refractory (insulation) inspections, furnace internal flame
evaluation and tube inspections and in flame propagation explosion analysis [32].
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Electronic Equipment: Printed circuit board evaluation and troubleshooting,
thermal mapping of semiconductor device services, circuit board component evaluation,
production-type inspection of bonded structures, inspection of hybrid microcircuits and
inspection of solder joints are some applications of thermography in the inspection and
evaluation of electronic equipment [32].

Environmental Applications: Thermography is one of the methods employed to
locate old waste disposal sites, locate old buried tanks on industrial sites and locate and
monitor oil spills [32].

Research and development applications: Thermography has its applications in
research and development as it is used in design proto typing and evaluation [32].

Automotive Application: Thermography is used in motor racing suspension and
tire contact diagnostics and brake and engine systems evaluation for performance and
cooling efficiencies [32].

Aerospace Applications: To detect water ingress in airplane control surfaces and
radomes, tire and brake system diagnosis, windshield and wing surface deicing system
diagnosis and stress crack and corrosion identification and location in airplanes. Jet and
rocket engine analysis, composite materials delamination and disbanding location and
target signature analysis are a few other aerospace applications of thermography [32].

Medical / Veterinary Applications: It helps in medical injury examinations for
whiplash, back injuries, Carpal Tunnel syndrome and in disease evaluations like
detection of breast cancer, arthritis and many more. It is used in dentistry for
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tempomandibular jaw dysfunction and sports injuries evaluation.Equine (horse) injury
examination, stress fractures, lameness and laser dosimetry determination are also done
using thermography [32].

Airborne applications: For pipeline inspection, leak detection, stress corrosion
cracking areas, environmental inspections, pollution dumping, thermal dumping of waste
water, fire Mapping, hold over fires, fire line and mop-up inspections. High Voltage
Aerial Electrical inspections for transmission lines, search and rescue operations and
covert surveillance operations also employ thermographic techniques [32].

Pulp and Paper applications: To detect uneven heat distribution in Fourdrinier
steam boxes, identify wet streaks, non-uniformity and identify basis weight variations
that can have adverse effects on paper quality. Monitoring of size press performance,
analyzing dryer temperatures to look for non-uniformity in dryers and monitoring coating
to see that it is being applied uniformly to surface of the paper is also done using
thermography. Different techniques are applied to analyze reel to find anomalies that may
be induced by pieces of process equipment connected to the paper machine and to inspect
chip piles for hot spots [32].

Steam Turbine and Hydroelectric Generator applications: To locate interlaminar faults in stator cores, monitor the effectiveness of repairs to the damaged areas
and help maintain quality control during a stator core repair. Thermal images of the stator
core that serve as a permanent record of the condition of the stator core following repairs
can also be obtained [32].
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Miscellaneous Applications: To detect RF heating in antennas, wave guides, guy
wires and frame structures and locate low-intensity sleeper fires on forest lands. It is used
to locate lost people also and in remote sensing applications. It has applications in
firefighting where it is used to locate people in burning buildings and navigate through
smoke. Non uniform densities in hot mix asphalt paving and moisture and delaminations
in marine construction can be located using thermography techniques [32].

3.6 ADVA TAGES A D LIMITATIO S OF THERMOGRAPHY:
Advantages of Thermography
The advantages of thermography are that it is a non-contact method of inspection.
It can be used to inspect very large parts. The duration of inspection is short and it can be
used to inspect different materials including composites. It can be used to inspect intricate
part geometries, components of less accessibility and in real time applications like
production cycles. Easy to setup, use and maintain on a production line.

Limitations of Thermography:
The limitations of thermography are that it is highly dependent on the nature of
the heating source, duration of heating and location of heat source. It is difficult to
inspect thick samples. Capture duration must be studied depending on the nature of
material being tested. Performance of the infrared camera being used has a major impact
on the capture quality. Surroundings of the sample being tested can impact the captured
image. There is a constant need for sample to be heated uniformly. Each application
requires a specific excitation technique. Some techniques require the thickness of sample
and nature, location of defect to be known.
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CHAPTER 4
ULTRASO IC PULSE ECHO METHOD
4.1 I TRODUCTIO :
The most suitable of ultrasonic testing techniques is the pulse-echo method, which
allows inspection from one side of the sample. In addition to this, other specialized
techniques were developed and applied for the testing of adhesive joints and sandwich
materials. Researchers [7, 8] use sophisticated processing of the ultrasonic echoes in order
to relate the spectral characteristics of the signal to the mechanical properties of the joint.
Spectroscopic techniques [9] are based on the local frequency response of the inspected
region. The Fokker bond tester II is also based on this approach [10] :it measures the first
two through-thickness natural frequencies of the joint which are then compared with that
of a single sheet of metal, the disbonds are detected, as in the regions with no adhesion,
the natural frequencies are close to that of a single plate. Another approach is given by
the acousto-ultrasonic technique [11, 12]. This is based on the transmission of an ultrasonic
pulse through the joint, from a transmitter to a receiver, both placed on the same surface.
The power spectrum of the transmitted signal is affected by the presence of defects, and
is relative to the strength of the joint. Further, it was found that the wave speed and
attenuation can be related to the cure of the adhesive and also to the fatigue damage
suffered by the joint. This enabled the monitoring of the remaining service life of the
joint along with the verification of the result of the bonding process. The commonly
adopted approach is the pulse-echo technique; this is done because of its relative
simplicity and ease of industrial application with respect to other methods like
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spectroscopy, and also because of the fact that the obtained signals can be directly related
to the reflecting surfaces of the joint.

4.2 BASIC PRI CIPLE:
The pulse-echo testing of a multi-layered joint is shown in Figure 4.1(a); the wave
path is plotted as a function of the time in Figure 4.1(b); the amplitudes of the received
echoes in the time domain (A-scan) are shown in Figure 4.1(c). Signal A is due to the
interface between transducer and sheet metal; signals B and B’ are the echoes caused by
the first metal/adhesive interface; signals C and C’ are caused by the second
metal/adhesive interface; signals D and D’ are caused by the free surface of the second
sheet metal.

Figure 4.1 Pulse-echo testing method of an adhesive joint;(a)Experimental setup;(b)Wave
path vs Time;(c)Amplitudes of A-scan echoes [8].

Signals of different types undergo different attenuation, according to their path
and the number of interfaces they travel across. Echoes of types C and D are very limited
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in amplitude because of the strong attenuation of the adhesive, and the number of
interfaces that they cross. The D signals are not visible and the observation of C signals
requires high values of energy for transducer excitation and amplifier gain in actual
testing conditions [13, 14].

Figure 4.2 Inspection of a steel adhesive bonded joint; steel(0.8mm); adhesive(0.5mm);
(a) good adhesion; (b) No-adhesion zone [8].
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An example of C signals that are visible adopting high gain is shown in Figure
4.2. In case of thin adherents, the identification of the C signals is practically impossible
because B type signals mask any other type of signal, since they are in a very narrow
sequence as shown in Figure 4.3. It can be noticed that the decay of the peak amplitude is
different between a zone in which adhesive is present (Figure 4.3a) and another in which
adhesive is absent (Figure 4.3b). This difference is because of the reflection coefficient
value assumed at the first interface [8, 9].

Figure 4.3 A scan images of the adhesive joint; (a) B type signals rapidly decay in the
good adhesion zone, (c type signals are not distinguishable); (b) B type signals decay
more slowly in the No-adhesion zone [8].
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4.3 TRA SDUCER SELECTIO :
Though the principle for pulse-echo testing method is standard, the
implementation can be altered depending on the type of sample, size of sample and the
type of defects that need to be detected etc. The use of different type of transducers for
testing is a major variation. The choice of transducer mainly depends on the application,
which can be as diverse as thickness gauging, flaw detection, imaging, material research
and medical diagnostics.

(a)

Contact Transducers: A contact transducer is a single element transducer,

usually generating a longitudinal wave, which is intended for direct contact with a test
piece. They provide an excellent acoustic impedance match to most metals. They can be
used to test a wide variety of materials. Their applications are Straight beam flaw
detection and thickness gaging; Detection and sizing of delaminations; Material
characterization and sound velocity measurements; Inspection of plates, billets, bars,
forgings, castings, extrusions, and a wide variety of other metallic and non-metallic
components, and For continuous use on materials up to 122° F (50° C) [33].

(b)

Dual Element Transducers: A dual element transducer consists of two

longitudinal wave crystal elements (one transmitter and one receiver) housed in the same
case and isolated from one another by an acoustic barrier. The elements are angled
slightly towards each other to bounce a signal off the back wall of a part in a V-shaped
pattern. Dual element transducers typically offer more consistent readings on heavily
corroded parts, and can also be used in high temperature environments. They improve
near surface resolution and couple well on rough or curved surfaces. They reduce direct
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back-scattering noise in coarse grained or scattering materials and combine the
penetration capabilities of a lower frequency single element transducer with the near
surface resolution capabilities of a higher frequency single element transducer. Their
applications are remaining wall thickness measurement; Corrosion/erosion monitoring;
Weld overlay and cladding bond/disbond inspection; Detection of porosity, inclusions,
cracks, and laminations in castings and forgings, and Crack detection in bolts or other
cylindrical objects [33].

(c)

Angle Beam Transducers: Angle beam transducers are single element

transducers used with a wedge to introduce longitudinal or shear wave sound into a part
at a selected angle. Angle beam transducers allow inspections in areas of a part that
cannot be accessed by the ultrasonic path of a normal incidence contact transducer. A
common use for angle beam transducers is in weld inspection; where a weld crown
blocks access to the weld zone of interest for a standard contact transducer and where
typical flaw alignment produces stronger reflections from an angled beam. Their
applications are Flaw detection and sizing; Inspection of pipes, tubes, forgings, castings,
as well as machined and structural components for weld defects or cracks [33].

(d)

Delay Line Transducers: Delay line transducers are single element broadband

contact transducers de- signed specifically to incorporate a short piece of plastic or epoxy
material in front of the transducer element. Delay lines offer improved resolution of flaws
very near to the surface of a part and allow thinner range and more accurate thickness
measurements of materials. Delay lines can be contoured to match the surface geometry
of a part and can also be used in high temperature applications. Heavily damped
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transducers combined with the use of a delay line provides excellent near surface
resolution. Higher transducer frequency improves resolution and improves the ability to
measure thin materials or find small flaws while using the direct contact method. Their
applications are Precision thickness gaging; Straight beam flaw detection, and Inspection
of parts with limited contact areas

(e)

[33]

.

Immersion Transducers: Immersion transducers are single element longitudinal

wave transducers, whose wear face is impedance matched to water. Immersion
transducers have sealed cases allowing them to be completely submerged under water
when used with a waterproof cable. By using water as both a couplant and delay line,
immersion transducers are ideal for use in scanning applications where consistent
coupling to the part is essential. As an additional option, immersion transducers can also
be focused to increase the sound intensity in a specific area and decrease the spot size of
the sound beam. The immersion technique provides a means of uniform coupling. Their
applications are Automated scanning; On-line thickness gaging; High speed flaw
detection in pipe, bar, tube, plate, and other similar components; Time-of-flight and
amplitude based imaging; Through transmission testing, and Material analysis and
velocity measurements [33].

(f)

High Frequency Transducers: High frequency transducers are either delay line

or focused immersion transducers and are available in frequencies from 20 MHz to 225
MHz. High frequency delay line transducers are capable of making thickness
measurements on materials as thin as 0.0004 in. (0.010 mm) (dependent on material,
transducer, surface condition, temperature, and setup), while high frequency focused
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immersion transducers are ideal for high resolution imaging and flaw detection
applications on thin, low attenuation materials such as silicon microchips. Their
applications are High resolution flaw detection such as inspection for micro porosity or
micro cracks; C-scan imaging of surface breaking cracks or irregularities; Thickness
measurements of materials as thin as 0.0004 inches (0.010 mm); Examination of ceramics
and advanced engineering materials, and in Materials analysis[33].

4.4 MATERIAL PROPERTIES OF THE SAMPLE:
In ultrasonic testing, the material properties of the sample play a major role in the
selection of the test method and the test parameters. The velocity of the sound wave
within the material depends upon properties of the material being tested like the density
and elasticity of the substance through which sound is traveling, the manner in which
material particles vibrate as sound travels through the test material and the material
temperature. Sound travels in different materials at different speeds. The different spring
constants and the mass of the atomic particles are different for each material and
determine the speed of the sound wave in the material. The general equation between the
speed of sound, density and elastic constant of a solid is given by:

v=

C

(4.1)

ρ

Where v is the velocity of sound, C is the elastic constant and ρ is the density of
the material. The typical elastic constants of a certain materials are the Young’s
modulus(E), the Poisson’s ratio(n), the Bulk modulus(K), the Shear modulus(G) and the
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Lame’s constants l and m derived from the Young’s modulus and the Poisson’s ratio
respectively. Young's Modulus and Poisson's Ratio are used when calculating the speed
of a longitudinal sound wave and the shear modulus is used when calculating the speed of
a shear wave. Lame's Constants are often used for the calculations for convenience [34].
The other factors which affect the speed of sound travelling in the material and the testing
method to be employed are:

Attenuation: The intensity of the sound wave diminishes with the distance
through which it has travelled in the medium. All natural materials produce an effect
which further weakens the sound due to scattering and absorption. The reflection of the
sound in directions other than its original direction of propagation is called
scattering. And the conversion of the sound energy to other forms of energy is called
absorption. Attenuation is the combined effect of scattering and absorption. The decay
rate of the ultrasonic wave as it propagates through the material is known as ultrasonic
attenuation. Natural properties and loading conditions can also be related to attenuation.
The physical or chemical phenomenon that decreases the intensity of the ultrasonic wave
are often defined by using attenuation as a measurement tool. The amplitude change of a
decaying plane wave is given by the expression:

A = A0 e− az

(4.2)

Where A is the reduced amplitude, A0 is the amplitude of the unattenuated wave
propagating at some location, a is the attenuation coefficient of the wave and z is the
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distance from that initial location. ‘e’ is the Napier's constant which is approximately
equal to 2.71828. The units of the attenuation value can be converted to decibels/length
from Nepers/meter by dividing it by 0.1151.Attenuation is proportional to the square of
the frequency of the sound wave can also be determined by evaluating the multiple
reflections from a backwall observed in an A-scan [35].

Acoustic impedance: Sound is reflected by a surface when it strikes it and is
called an acoustic interface. A reflection from an acoustic interface is therefore defined as
an echo. Every material opposes the passage of sound through it and this property of the
material is known as its acoustic impedance. An acoustic interface is created by the
boundary between two materials which possess different acoustic impedances. The sound
travel is influenced by the sound pressure in a material. The acoustic impedance of a
material is given by:

Z = ρV

(4.3)

Where Z is the acoustic impedance, ρ is the density of the material and V is the
acoustic velocity [36].

Reflection and Transmission coefficients: As the difference in acoustic
impedance at a surface where two materials meet increases, the surface reflection also
increases and consequently the penetration through the surface will be less. If Z1 is the
acoustic impedance of the material through which the sound travels initially and Z2 is the
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acoustic impedance of the material at the interface; the percentage reflectivity is
calculated by:

2

0 reflectivity =  z2 − z1  .100
0
 z2 + z1 

( 4.4)

The sum of the reflected energy and the transmitted energy is equal to the total
incident energy. Therefore, the transmission coefficient can be calculated by subtracting
the reflection coefficient from one [37].

4.5 ADVA TAGES OF ULTRASO IC TESTI G:
Ultrasonic nondestructive techniques are very useful and are very versatile. The
advantage of ultrasonic inspection is that it is sensitive to both surface and subsurface
discontinuities. The depth of penetration for flaw detection or measurement is superior
when compared with other nondestructive testing methods. The use of the pulse-echo
technique of ultrasonic testing requires access only to one side of the sample being tested.
Ultrasonic testing is a highly accurate method in determining reflector position and
estimating size and shape. The part preparation required for testing is minimal and the
electronic equipment provides instantaneous results. Detailed images like C-scans can be
produced instantaneously with automated systems.

4.6 LIMITATIO S OF ULTRASO IC TESTI G:
Ultrasonic inspection like all other nondestructive techniques has its limitations.
The surface of the material being tested must be accessible to transmit ultrasound. The
skill and training required to operate the ultrasonic equipment is more extensive than with
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some other nondestructive testing methods. A coupling medium is required, most of the
time to promote the transfer of sound energy into the test specimen. Material surfaces that
are rough, irregular in shape, very small, exceptionally thin or not homogeneous are
difficult to inspect. Coarse grained materials like cast iron are difficult to inspect as there
is very low transmission of the sound wave and high signal noise. Defects oriented
linearly, parallel to the sound beam may often go undetected. The calibration of
equipment and characterization of flaws both require reference standards.

4.7 APPLICATIO S OF ULTRASO ICS:
Ultrasonic inspection has applications in almost every field of science and in
various ways. The properties and the number of techniques available for ultrasonic
inspection make this possible. Some of the major applications of ultrasonic inspection are
in the medical industry. Also called medical sonography, it is used to visualize muscles,
tendons, and many internal organs. Ultrasound has been used to image the human body
for at least 50 years and is one of the most widely used diagnostic tools in modern
medicine. When compared with other techniques the technology is relatively inexpensive
and portable. Ultrasound is also used in routine and emergency parental care to visualize
fetuses. Ultrasonic testing is generally described as a safe test as it does not use any
mutagenic ionizing radiations, which pose hazards such as chromosome breakage and
cancer development. Ultrasound is also used in preclinical imaging, which is the
visualization of animals for research purposes, such as drug development.
Biomedical ultrasonic applications include the use of the method to detect pelvic
abnormalities. Focused high-energy ultrasound pulses are used in a process called
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lithotripsy which is used to break kidney stones and gallstones into fragments small
enough to be passed from the body. Tumors of certain kinds and other disorders are
treated using high intensity focused ultrasound. Ultrasound is also used in drug delivery
applications. Focused ultrasound is used in the treatment of cataract. Low intensity pulsed
ultrasound is used for bone regeneration. Ultrasound acts synergistically with antibiotics
in killing bacterial cell

[38]

. Ultrasound is used in acoustophoresis, in which lower

frequency range in the form of standing waves is an emerging tool for concentration and
manipulation, and contactless separation of biological cells and micro particles [39].

Industrial applications of ultrasound involve its use in various nondestructive
tests. Various techniques are used to find flaws and measure the thickness of objects.
Frequencies of ultrasound used range from 2 to 10 MHz, but other frequencies are used
for special purposes. Inspection methods are either manual or automated. Ultrasound is
also used for heat transfer applications in liquids.

Other important applications of ultrasound are ultrasonic cleaning, ultrasonic
disintegration, ultrasonic humidifier, ultrasonic welding and sonochemistry [40].
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CHAPTER 5
LABORATORY TESTS A D RESULTS
The step by step procedure for conducting experiments using ultrasonic testing
techniques and integrating it with thermography testing techniques to obtained required
results are discussed in this chapter.

5.1 TEST SPECIME :
The test samples used in the experiments are sandwich structures made of two
steel layers of various thicknesses with an adhesively bonded silicon rubber layer in
between. The defect in the samples is an artificially induced one in the silicon rubber
layer. The size of the defect is approximately 1 mm. The steel plates used for the sample
are of thicknesses 0.5mm, 1mm, 3mm and 5mm. Figure 5.1 and 5.2 show the test
samples used for the experiments. Figure 5.3 shows the defect in the silicon rubber layer.

Figure 5.1 Steel sample of 5 mm thickness
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Steel Plate (3 mm)
Silicon Rubber layer
Steel Plate

Figure 5.2 Steel sample of 3mm thickness

Figure 5.3 The defect in the silicon rubber layer.

5.3 LABORATORY EQUIPME T:
Ultrasonic transducers:
Two types of transducers are used for conducting the experiments. Figure 5.4
shows the Panametrics contact transducer V2435 and Figure 5.5 shows the Panametrics
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delay line transducer V205-RM. The Table 5.1 shows the specifications of both the
transducers.

Figure 5.4 Panametrics contact transducer V2435

Figure 5.5 Panametrics delay line transducer V205-RM
Transducer

Transducer

Frequency

type

number

Contact

V2435

20 Mhz

Delay Line

V205-RM

15 Mhz

Table 5.1 Transducer specifications
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Ultrasonic User Interface:
The hardware interface is a machine called the Scan master SWI-100 X, which
has the software installed, called the Spotweld inspector. The software has the provision
to read and store all data in the form of A-scans and B-scans. Figure 5.6 shows the
Scanmaster equipment.

Figure 5.6 Scan master SWI 100x.
The equipment can be calibrated by using the calibration toolbox. The physical
measurement of the thickness of the sample being tested needs to be entered. In our case
the thickness of the single metal sheet is entered. Then the material needs to be entered.
By selecting the material being tested from the drop down box. The instrument sets the
parameters to match the velocity of the ultrasound within the material that has been
selected for testing. The calibration can be done for different thicknesses of the sample
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being tested. However, the material being tested can be changed from the main setup
toolbox.

Thermal Imaging equipment:
Two thermal imaging cameras are used. A FLIR Thermovison A40M uncooled
infrared camera and a FLIR Phoenix DTS cooled infrared camera. The images and
specifications of the camera are given in Table 5.2.

Table 5.2 Specifications and Images of infrared cameras used in the experiments [41].

Heat Sources:
Three types of heating sources are used. Flash, Halogen and Induction coils.
Figure 5.7 shows the image of the flash heating source and Table 5.3 shows its
specifications. Figure 5.8 shows the Halogen heating source and Table 5.4 shows its
specifications. And Figure 5.9 shows the Induction heating source and Table 5.5 shows
its specifications.
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Figure 5.7 Flash heating source

Table 5.3 Flash heating source
specifications

Figure 5.8 Halogen heating source.

Table 5.4 Halogen heating source
specifications

Figure 5.9 Induction heating source

Table 5.5 Induction heating source
Specifications
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5.4 LABORATORY EXPERIME TS A D RESULTS:
The samples are prepared so as to have a smooth surface on both sides for
ultrasonic testing. A reference scan of a single steel plate of all the thicknesses is taken.
A-scans at different spots on the sample are taken to compare them with the reference
scan. The scans thus obtained are studied to find areas with internal defects. Figure 5.10
is the A scan of a sandwich sample with a 1mm silicon rubber layer between two plates
of steel of 5mm thickness using a delay line transducer. Figure 5.11 is the A scan of a
sandwich sample with a 1.9 mm silicon rubber layer between two plates of steel of 3mm
thickness.

Figure 5.10 A Scan of a sandwich sample -5mm steel plates and 1mm silicon rubber layer
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Figure 5.11 A Scan of a sandwich sample- 3mm steel plates and 1.9 mm silicon rubber
layer
A simple approach is to observe the amplitude of the wave forms and look for a
rapid decay in the amplitude of the waveform while testing over different areas of the
sample. Figure 5.12 shows the scan over nondefective area where the decay of the
amplitude of the wave is low and Figure 5.13 shows the scan over a defective area where
the decay of the amplitude of the wave is rapid. The reason for the slow decay of the
wave over a defective spot is much higher percentage reflectivity of the sound wave at
the metal/air interface, since air is not a good medium for the sound wave to travel
through. For more accurate determination, we use a standard deviation method later
discussed to quantify the defect threshold.
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Figure 5.12 A scan over a nondefective area

Figure 5.13 A Scan over a defective area
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A mathematical approach suggested by Roman Gr. Maev and Sergey
Titov to determine a defect under the surface is alo established. The comparison of the
output waveform with previousely recorded reference response from a single metal sheet
is done. The reflection coefficient R is given by:
R=

z1 − z2
z1 + z2

(5.1)

Where, z1 is the impedance of the load and z2 is the impedance of the source.
The transmission coefficient T, is given by:
T 2 = 1 − R2

(5.2)

The first set of pulses an is produced in the first metal sheet, where n is the
number of pulses. The second set bn is produced as the wave propagates within the
adhesive layer.
2

T 
n
an = − A0  0  ( R0 . R1 .η1 )
 R0 

(5.3)

Where A0 is the amplitude of the initial pulse. And if hn is the amplitude of the
sound wave which passes through the silicon rubber layer one time and n-1 times in the
metal, hn is given by:
2

T 
hn = − an  1  ( R1.R2 .η2 )
 R1 

(5.4)

As the wave experiences a one-fold propagation within the adhesive layer, and is
reflected from the second interface, bn is generated and is given by:
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2

2

n
T  T 
bn = hn .n = − A0  0   1  ( R0 . R1 .η1 ) ( R1.R2 .η2 ) .n
 R0   R1 

(5.5)

Where R0 is the reflection coefficient and T0 is the transmission coefficient at the
first interface (transducer/metal), R1 is the reflection coefficient and T1 is the
transmission coefficient at the second interface (metal/silicon rubber), and R2 is the
reflection coefficient at the third interface (silicon rubber/metal).
We consider the attenuation coefficient for steel, η1 is 1 and the attenuation
coefficient for the silicon rubber layer, η2 is 0.7. For a good joint R2>0, whereas at a
disbond R1= -1 and R2= -1.

Taking the values for steel as R0=0.897, T0=0.442, R1=-0.89, T1=0.456 and
R2=0.89 we get
an = −0.243 A0 0.8n ,

(5.6)

bn = −0.0353 A0 0.8n n

(5.7)

And an 0 = −0.243 A0 0.897 n

(5.8)

Where an 0 is the amplitude of the reference wave, which is taken from a single
plate of steel. To detect a disband the waveform measured at the point of interest is
compared with the reference waveform. The estimated deviation of the difference can be
used as a measure of signal similarity. If they are similar it indicates the presence of a
defect and vice versa. Figure 5.13 shows the plot between all the parameters and the
superposition of the amplitudes of the waves from the first and second wave.
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Figure 5.14 Plot of an 0 , an , bn and an + bn
Figure 5.14 shows the plot between the reference wave form with the amplitude

an 0 which is set as the threshold and the standard deviation obtained between an+bn and
an0. If the difference between the deviation and the threshold set by the reference wave is
low, it represents a defective area. And if the difference between the deviation and the
threshold is more, it represents a non-defective area, as in the Figure 5.14.

Figure 5.15 Deviation of the waveform over a nondefective area
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By using the results from the ultrasonic inspection, the defects in the samples can
be located, but cannot be visualized. To get an idea of other elements like the exact
position and dimensions of the defect within the sample, thermography is employed. The
samples with reflective surfaces are coated with black paint of emissivity 0.94 to reduce
the effects of reflection. Some important parameters that affect induction test results are
material type, power (Amperes) and distance between the induction coil and the sample
surface. The power is varied between 75Amps, 150Amps and 300Amps. The distance
between the sample and the coil is varied between 10mm and 20mm. The defect size is
approximately 3mm. The samples are heated in the front heating mode and for a time
period of 2 seconds. The distance between the sample and the camera lens is kept
constant at 300mm.
Table 5.6 shows the test results and the parameters considered for testing a sample
with steel plates of thickness 0.5 mm. Table 5.7 shows the test results and the parameters
considered for testing a sample with steel plates of thickness 1 mm. Table 5.8 shows the
test results and the parameters considered for testing a sample with steel plates of
thickness 3 mm. Table 5.9 shows the test results and the parameters considered for testing
a sample with steel plates of thickness 5 mm. The experiments were conducted on a trial
and error basis due to the limitations of the equipment in terms of maximum current
output and the capturing capability of the infrared camera. The defects which were visible
at a certain condition are marked within the red boxes in the tables.

80

Camera

Distance
between
sample and
coil

Thermal
source

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(75A)

0.5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(150A)

0.5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(300A)

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(75A)

0.5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(150A)

0.5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(300A)

Steel plate
thickness

Width of
defect

0.5 mm

0.5 mm

Image

Table 5.6 Thermography test results for steel sample of 0.5 mm plate thickness.
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Camera

Distance
between
sample and
coil

Thermal
source

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(75A)

1 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(150A)

1 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(300A)

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(75A)

1 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(150A)

1 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(300A)

Steel plate
thickness

Width of
defect

1 mm

1 mm

Image

Table 5.7 Thermography test results for steel sample of 1 mm plate thickness.

82

Camera

Distance
between
sample and
coil

Thermal
source

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(75A)

3 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(150A)

3 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(300A)

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(75A)

3 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(150A)

3 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(300A)

Steel plate
thickness

Width of
defect

3 mm

3 mm

Image

Table 5.8 Thermography test results for steel sample of 3 mm plate thickness.
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Camera

Distance
between
sample and
coil

Thermal
source

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(75A)

5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(150A)

5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

1 cm

Induction
(300A)

5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(75A)

5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(150A)

5 mm

3 mm

FLIR Phoenix
DTS cooled
Camera

2 cm

Induction
(300A)

Steel plate
thickness

Width of
defect

5 mm

Image

Table 5.9 Thermography test results for steel sample of 5 mm plate thickness.
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CHAPTER 6
CO CLUSIO A D FUTURE WORK
The possibility of integrating two effective nondestructive testing techniques
Infrared thermography and Ultrasonic inspection is explored. The compatibility of both
the methods for the samples chosen is established. The interpretation of information from
the scans obtained through ultrasonic inspection sometimes requires the study of
reference scans which were established earlier. The results obtained through ultrasonic
testing are informative but not accurate in terms of the size of the defect and the exact
location of the defect under the metal plate. The detection of the defect is almost
impossible if the size of the defect is smaller than the diameter of the transducer.
The results obtained through infrared thermography have an advantage over
ultrasonic inspection in terms of visualizing the defect. However, information regarding
the exact size of the defect and the distance from the edges cannot be obtained in this
method also. Thicker samples do not give a clear image most of the time. The presence of
the silicon rubber layer also affects the results.

Future work: The integration of the two testing methods could be developed. Using
results obtained from both the methods could be combined to give a better understanding
of the defects. The employment of methods like Ultrasonic C-scan systems could be a
possible solution. C-scans are very accurate and also give accurate information about
dimensions and the exact position of the defect.
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